Visual receptive fields (RFs) were mapped inside and outside the cortical representation of the optic disk in the striate cortex (area V1) of anesthetized and paralyzed Cebus monkeys. Unexpectedly, most cells were found to be binocularly driven, and the RFs mapped with contralateral-eye stimulation progressed in a topographically appropriate fashion as the optic disk sector was crossed. Activation of these neurons by the contralateral eye was shown to depend on stimulation of the parts of the retina around the optic disk. Outside the optic disk representation, a similar effect was demonstrated by obstructing the "classical" RF with masks 5-10 times larger in size. In all cases, visual stimuli presented around the mask could be used to accurately interpolate the position of the hidden RF. These properties reflect, at a cellular level, the process of "filling in" that allows for completion of the visual image across natural and artificially induced scotomas.
In the past decade, the notion that receptive fields (RFs) in adult sensory cortex have stable boundaries was challenged by a series of experiments that demonstrated changes in RF size and location after chronic (1-3) or acute (4) deafferentation. In the visual cortex, similar modifications have been seen after retinal lesions (5) (6) (7) . In addition, even in the normal animal the portion of the visual field capable of modifying cellular activity has been shown to be far more extensive than the "classical" RF. Specifically, responses to stimulation within RFs of neurons in primate visual areas V1, V2, V3A, V4, and MT are modifiable by stimulation of normally silent RF peripheries with patterns differing in texture, wavelength, spatial frequency, direction of motion, and speed of motion from the pattern presented to the RF itself (6, (8) (9) (10) (11) (12) (13) . Responses in area V2 can be induced by illusory contours formed by visual patterns presented outside the classical RF (14) and the boundaries of excitatory RFs in area V4 vary depending on spatial attention (15) . Except for the modulation of responses by stimulation of silent peripheries with patterns differing in speed of motion (6) , most of these effects seemed to be absent in the primary visual area (V1), thus contributing to the hypothesis that RFs of neurons in V1 have stable boundaries and responses.
The retinal blind spot, corresponding to the optic disk, is devoid of photoreceptors. Thus, although most parts of the central visual field are usually viewed binocularly, the parts corresponding to the optic disk of one eye are viewed only through the opposite eye. Nonetheless, unless specific tests are applied, no gap in the visual field is noticed under monocular viewing. The blind spot is imperceptibly "filled in" to match the color, texture, and brightness of the regions of the visual field immediately surrounding the optic disk (16) . This process of filling in is usually referred to as the completion phenomenon (16, 17) . This phenomenon may also account for the unawareness of other "blind" regions of the retina, such as those overlaid by large retinal vessels (angioscotomata, ref. 18 ) and those produced by retinal lesions or lesions in the visual pathway (19, 20) .
We report on a multi-and single-unit analysis of the visual responses of neurons in the parts of area V1 corresponding to the natural and artificially produced blind regions. We provide evidence that neurons within the cortical representation of the optic disk can interpolate RF position based on the stimuli that extend beyond the boundaries of the blind sector. These properties therefore mirror, at a cellular level, the perceptual completion phenomenon. Moreover, we show that the ability to interpolate RF position across large distances is also present in neurons in other parts of V1 as well. In these neurons, masking of the classical RF uncovers further excitatory regions that increase the effective excitatory RF length by up to 10 times. A preliminary report on these data was published in abstract (21) .
MATERIALS AND METHODS
Multi-and single-unit responses were recorded from area V1 in four adult monkeys (Cebus apella). A detailed description of the animal preparation and recording procedures has been published (22) . Briefly, at least 1 week before the first recording session the animal was anesthetized with ketamine (30 mg/kg) and Saffan and surgically implanted with a cranial prosthesis capable of holding the head in a modified stereotaxic holder without further pressure points. Recording sessions were subsequently carried out twice a week. During the sessions, the animals were anesthetized with nitrous oxide/ oxygen, 7:3, paralyzed with a continuous infusion of pancuronium bromide (0.1 mg/kg per hr), and artificially ventilated through a tracheal cannula. Electrocardiogram, body temperature, and end-tidal CO2 values were continuously monitored and kept within the physiological range. After 6-8 hr of recording the infusion of pancuronium was discontinued, and the animal was returned to its cage after recovering spontaneous breathing and consciousness.
Recordings were made by using varnish-coated tungsten microelectrodes inserted through the dura mater. Threehundred twenty-eight multi-unit (MU) recordings were used to map the representation of the visual field in the cortex, and 165 single-unit recordings were used for quantitative analysis of RF properties in V1. The borders and the centers of the Proc. Natl. Acad. Sci. USA 89 (1992) MU RF (MURF) were mapped for each eye at every 50-100 A.m along each penetration passing close to the optic disk representation in V1. Single neurons isolated with an amplitude-waveform discriminator were continuously monitored with a Nihon-Koden (V10) memory oscilloscope. Using oriented bars, we first determined the orientation selectivity and ocular dominance of each single unit. Using a personal computer-based data-acquisition system, we then constructed peristimulus-time histograms (PSTHs) to flashing and moving bars with and without neutral masks of various sizes placed on the back ofthe tangent screen centered on the RF geometrical center. Size and location of the RFs were determined with PSTHs to long bars in the optimal and orthogonal to the optimal orientations, moving at different position offsets relative to the RF center. The trial-by-trial single-unit data were used to perform the quantitative analysis illustrated in Figs. 3 and 4. Outlines of the optic disks were mapped at the beginning of the session by using a reversible ophthalmoscope. To monitor position of the eyes during the experiment, a small mirror (0.5-mm diameter) was glued to the rim of hard contact lenses used to focus the eyes on the surface of the tangent screen. The mirror was used to reflect a low-intensity laser beam onto the surface ofa screen. Position of the laser source was kept constant, and the lenses were allowed to attach to the cornea by the drying lachrymal film. Thirty minutes later, any eye movement clearly displaced the laser reflection on the screen. Eye position was routinely checked at the beginning and end of each quantitative analysis and each penetration. Three types of stimuli were used: three-dimensional bars, rear-projected stimuli, and computer-generated stimuli. Initially, characteristics of the responses and visual topography of MU clusters and cells in the optic disk representation were qualitatively evaluated by presenting long, opaque-colored bars on the surface of a transparent hemispheric screen. The qualitative evaluation was followed by quantitative analysis of single-unit response properties with the personal computer-based data-acquisition system. In most experiments we used a computer-driven optical bench that presented black-and-white bars and edges onto a Polacoat tangent screen located 1.14 m from the animal. In later experiments, a 48-cm Super VGA color monitor driven by a graphic board was used instead. Stimulus illumination was set at 22.6 cd/m2, and background was set at 10.8 cd/M2. A low contrast was deliberately chosen to reduce possible effects of stray light. Masking was achieved by inserting opaque gray cardboard squares of several sizes, which covered the classical RF as well as neighboring parts of the visual field. Data from 43 single neurons that had complete sets of histograms for both eyes, for different mask sizes, and for bars of different sizes and locations were used for statistical analysis (t test).
After 3 weeks of recordings, the animals were monocularly enucleated under ketamine/Saffan anesthesia. A survival time of 18 days was allowed before perfusion. All monkeys were perfused with 3% (wt/vol) paraformaldehyde/ phosphate-buffered saline, and every section was treated for cytochrome oxidase (23) to reveal the limits of the cortical optic disk representation (22) , the electrode tracks, and the electrolytic lesions (4 AuA, 5 sec) used as markers.
RESULTS
Dimensions of the optic disk in the Cebus monkey average 6 .00 x 4.50 of the visual field (24) , whereas MURFs at a similar eccentricity (150) seldom exceed 2-3°per side in area V1 (25) . We, therefore, expected that tangential penetrations crossing the cortical representation of the optic disk in V1 would yield sites responsive only to the stimulation of the ipsilateral eye and that the boundaries of the blind region could be mapped in detail. Instead, by using long bars as stimuli and MU recordings, we found that most sites responded to both eyes and that a visual topography was preserved, even for the eye contralateral to the hemisphere under study (Fig. 1) , in spite ofthe absence ofphotoreceptors in this part of the retina. However, the responses elicited by stimulation of the ipsilateral eye were invariably stronger, and the progression of contralateral-eye RFs showed a larger degree of scatter. Surprised by these observations, we decided to test (i) whether the same phenomenon could be observed at the single-unit level, and (ii) whether the contralateral responses could be due to the stimulation ofregions of the visual field remote from the RF itself, in the manner illustrated in Fig. 2 . Fig. 2A shows that sweeping bars longer than the diameter of the optic disk induced responses along restricted portions of the visual space (stars). In poorly oriented units, the location of the excitatory regions defined an interpolated RF (shown in black). In orientation-selective units, only RF width could be defined. Masking of the whole OD with opaque cardboard changed neither location of the interpolated RF nor strength of the responses (Fig. 2B) . Sweeping bars restricted to one side of the OD (Fig. 2C ) yielded either poor responses or no activation at all in some of these neurons, hereafter called completion neurons. In other units, the sum of the responses to separate stimulation of each side of the optic disk was comparable to the response elicited by a full bar, indicating the existence of a discontinuous RF for the contralateral eye. As detailed below, these two kinds of responses seen in the natural blind spot may not necessarily indicate the existence of separate classes of cells because some units behaved in either way, depending on the extent of an artificial, mask-induced blind region. Finally, a large mask covering the surround of the optic disk, but leaving the optic disk itself uncovered, abolished the responses (Fig. 2D) . These . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Fig . 3A illustrates the responses of a cell located in layer IVb inside the histologically reconstructed optic disk representation. The mean response rate is shown for each eye separately as a function of size of the natural and maskinduced blind regions. In every test, a sweeping bar protruded at least 100 beyond the mask. Length of the classically mapped RF of this cell for the ipsilateral eye, based on measurements taken from PSTHs, was -1°(white arrowhead). Nonetheless, this unit responded well above spontaneous activity under contralateral-eye stimulation when the natural blind spot was left uncovered (far left). Adding square masks up to 150 per side still did not prevent this cell from responding, provided that coherent motion between the two protruding bar tips was achieved (Fig. 3B) . Noteworthy is the fact that a reversal in the ocular dominance of the cell is apparent as larger masks are added. Although the responses to the ipsilateral eye are more than twice as strong as the interpolated contralateral responses in the mask-free condition, the interposition of masks 7.5°or more per side reveals a stronger response for the contralateral eye, and for masks beyond 12 .50 per side only a contralateral response is apparent. Thus, the ocular dominance of the dynamic surround does not necessarily follow that of the classical RF. This unit showed above-background contralateral-eye responses to half-bar stimulation of either side of the optic disk in the mask-free condition (data not shown), thus qualifying as having a ",discontinuous RE" property. However, Fig. 3B shows that when larger masks were used, a true completion property was revealed. This specific cell was sharply tuned for orientation, and the orientation selectivity curves for the classical RF (mapped through ipsilateral-eye stimulation) and ofthe interpolated RE (mapped through the contralateral eye) showed similarly located peaks and bandwidths. Nine out of 43 single neurons had interpolated REs inside the blind spot, and 4 out of 9 single neurons showed completion properties. Fig. 4 (19, 20) . The procedure of masking the visual field around a RF has obvious and important qualitative differences from using a region naturally devoid of photoreceptors, but in the present study both procedures yielded comparable results. In a paralyzed preparation, such as the one we used, any static boundary (as the border ofthe masks) will gradually fade, and the corresponding portion of the visual field will be filled in by the pattern in the background (17) . Absence ofvisual input generated inside the masked region may be regarded as qualitatively similar to that generated by a lesion either in the retina or in the visual pathways and, therefore, filled in by a similar process. The interpolation responses seem to represent a mechanism different from that demonstrated by Peterhans and von der Heydt (14) for illusory contour-driven activity in neurons in V2. Interpolation responses occur over a much wider area of the visual field than do illusory contour-driven responses, and these former responses are present in area V1, which lacks the local mechanism described by Peterhans and von der Heydt for V2. Moreover, on psychophysical grounds, illusory contours are apparent, even when the subject is free to move its eyes, whereas completion requires steady fixation or image stabilization. We hypothesize that the properties described here are relevant for completion but not to the perception of illusory contours, which may rely on activity of extrastriate neurons. In addition, our findings indicate that perceptual completion may rely on activity at the level of single neurons in the primary visual cortex.
Possible Sources of the Interpolation Response. The large extent of the dynamic surrounds and the restricted arborization of geniculostriate fibers (27) make it unlikely that this pathway alone is responsible for generating interpolation responses. At an eccentricity of 150, the cortical magnification factor of V1 of Cebus is -0.7 mm per degree (25) , and, therefore, to overcome the gap generated by a mask 150 per side, portions of V1 more than 5 mm away would have to send inputs to the completion neuron (7.5°to each side). Intrinsic connections of monkey striate cortex are reported to span several millimeters (30) , and the longest intrinsic axons may have the necessary coverage for generating long-range interpolations. In a recent study, Gilbert and Wiesel (7) observed acute and chronic changes in RF position and extent after retinal lesions and attributed such changes to the intrinsic connections of V1. In this context, the dynamic unmasking of active surrounds seen in these experiments indicates that even under normal physiological conditions these intrinsic connections may contribute to the delineation of RF extent. Some of the largest RFs recorded in V1, specifically those from layer VI, approach the size of the dynamic surrounds (Fig. 5 ) and, therefore, may contribute to generating the completion responses in the upper layers. Alternatively, the massive extrastriate feedback projections to striate cortex (31) could be important in generating interpolation responses. Neuronal RFs in areas such as MT and V4 are normally similar in size to the dynamic surrounds of V1 neurons at comparable eccentricities and, therefore, can integrate information across much larger portions of the visual field.
